Abstract. Azelastine is a second generation histamine H 1 -receptor antagonist used as an antiasthmatic and anti-allergic drug that can induce QT prolongation and torsades de pointes. We investigated the acute effects of azelastine on human ether-a-go-go-related gene (hERG) channels, action potential duration (APD), and L-type (I Ca,L ) and T-type Ca 2+ current (I Ca,T ) to determine the electrophysiological basis for its proarrhythmic potential. Azelastine increased the APD at 90% of repolarization concentration dependently, with an IC 50 of 1.08 nM in guinea-pig ventricular myocytes. We examined the effects of azelastine on the hERG channels expressed in Xenopus oocytes and HEK293 cells using two-microelectrode voltage-clamp and patch-clamp techniques. Azelastine induced a concentration-dependent decrease of the hERG current amplitude at the end of the voltage steps and tail currents. The IC 50 for the azelastine-induced block of the hERG currents expressed in HEK293 cells was 11.43 nM, while the drug inhibited I Ca,L and I Ca,T with IC 50 values of 7.60 and 26.21 mM, respectively. The S6 domain mutations, Y652A partially attenuated and F656A abolished hERG current block. These results suggest that azelastine is a potent blocker of hERG channels rather than I Ca,L or I Ca,T , providing molecular mechanisms for the arrhythmogenic side effects during the clinical administration of azelastine.
Introduction
Azelastine, a 2nd-generation antihistamine, is a phthalazinone compound that possesses not only potent and selective histamine H 1 -receptor antagosist activity but also inhibits histamine release from mast cells (1) , which is useful for the effective relief of asthmaassociated symptoms (2, 3) . Azelastine is pharmacologically active and is metabolized by CYP3A4 and 2D6 isozymes to its major, active metabolite, desmethylazelastine (4, 5) . The most common adverse events related to azelastine were alterations in taste perception, nasal burning, headaches, and dry mouth (6) . In addition, this agent has been shown to modify the electrical activity in several types of tissues. For example, azelastine reduced the basal cytosolic free Ca 2+ content in airway smooth muscle and inhibited voltage-dependent Ca 2+ currents in single tracheal smooth muscle cells, which may contribute to the anti-allergic actions of azelastine in airways (7, 8) . Nakamura et al. (9) showed that azelastine inhibits PAF-acether and N-formylmethionylleucyl-phenylalanine-mediated mobilization of intracellular Ca 2+ in guinea-pig peritoneal macrophages. In human airway epithelia, azelastine decreased Cl − transport and thus may have a detrimental effect on airway surface liquid homeostasis (10) . Azelastine depressed electrical and mechanical activities in the study with guinea-pig papillary muscles using conventional microelectrodes (11, 12) . However, azelastine increased the cytosolic free Ca 2+ content in rat heart myoblast cells H 9 C 2 (7) .
Effect of Azelastine on Cardiac Repolarization of Guinea-Pig
Some second-generation antihistamines, notably terfenadine and astemizole, have been associated with prolongation of the QT interval and the development of torsades de pointes. Together with the azelastine-induced electrical changes of heart mentioned above, azelastine may induce lengthening of the QT interval (13) . Also, to our knowledge, there are reports which have shown that azelastine has been associated with arrhythmia (19 cases) and ventricular tachycardia (8 cases) in the Adverse Event Reporting System from the FDA (http://www. druginformer.com/search/side_effect/azelastine%20 hydrochloride). On the other hand, it has been shown that azelastine does not cause QT prolongation or torsades de pointes (14 -16) . One of the most likely candidates for the cause of drug-induced arrhythmia is the rapid component of the delayed rectifier K + channels (I Kr ). I Kr determines the shape of the repolarization phase (phase 3) of the ventricular action potential (17) , thereby resulting in prolongation of the QT interval on electrocardiograms (ECG). The pore-forming subunit of the channel underlying I Kr is encoded by the human ether-a-go-go-related gene (hERG) (18) , and Tyr-652 and Phe-656 in the S6 transmembrane domain are vulnerable to diverse drugs (19) . Therefore, azelastine could increase QT interval possibly by inhibition of the hERG channel and prolongation of the action potential duration (APD).
This study examined the possible azelastine block of the hERG channels expressed in Xenopus oocytes and HEK cells. Furthermore, we studied the inhibitory mechanisms and molecular determinants for the hERG channel block of azelastine using two mutant hERG channels, Y652A and F656A. We also performed patchclamp electrophysiology for the measurement of voltagedependent L-type (I Ca,L ) and T-type Ca 2+ current (I Ca,T ) expressed in HEK cells to explore the drug's possible role in intracellular Ca 2+ regulation. Finally, a virtual docking simulation was carried out to understand the blocking mode of the hERG channel by the drug using the KvAP channel structure as a template.
Materials and Methods

Ventricular myocyte isolation
Single ventricular myocytes were isolated from each guinea-pig heart using a method described previously (20) . Guinea pigs (300 -500 g) were anesthetized with pentobarbital (up to 50 mg/kg, i.p.) and the heart was quickly excised. The heart was retrogradely perfused at 37°C with solution A containing 750 mM Ca 2+ and Ca 2+ -free solution A followed by an enzyme solution. The enzyme solution contained solution A, 150 mM Ca 2+ , collagenase type II, and protease type XIV. Solution A contained 130 mM NaCl, 4.5 mM KCl, 21 mM glucose, 2.5 mM MgCl 2 , 1 mM NaH 2 PO 4 , 20 mM taurine, 5 mM creatine, and 23 mM HEPES (pH 7.2). The heart was then flushed with a 150 mM Ca 2+ solution. The ventricles were removed and chopped into small pieces, which were then shaken in a flask containing a 150 mM Ca 2+ solution. The cell suspension was left to sediment. The supernatant was replaced with a 500 mM Ca 2+ solution. The cells were kept at room temperature. This study was performed according to the Research Guidelines of Kangwon National University IACUC.
Solutions and action potential recordings from myocytes
Myocytes in the experimental chamber were continuously superfused at room temperature (24°C -26°C) with Tyrode solution containing 10 mM glucose, 5 mM HEPES, 140 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , and 1.8 mM CaCl 2 (adjusted to pH 7.4 with NaOH). The experimental chamber had a volume of 150 ml and the flow rate of the Tyrode solution was 2 ml/min. Miniature solenoid valves (LFAA1201618H; Lee Products, Bucks, UK) selected the solution entering the chamber, and the superfusate within the chamber could be changed within 5 s. The solution level in the chamber was controlled with a suction system. The chamber and solenoid valves were mounted on the sliding stage of a microscope (Diaphot; Nikon, Tokyo) that sat on an antivibration table (Newport, Irvine, CA, USA).
Protease type XIV, dimethyl sulfoxide (DMSO), tetraethylammonium chloride (TEA-Cl) (Sigma, St. Louis, MO, USA), and collagenase type 1 (Worthington Biochemical, Freehold, NJ, USA) were used in the form of stock solutions or test solutions. The other reagents were purchased from Sigma except azelastine (Enzo Life Sciences, New York, NY, USA). Azelastine (Enzo Life Sciences) was dissolved in distilled water to make a 30 mM stock solution and added to the external solutions at suitable concentrations shortly before each experiment.
Membrane potential was measured with conventional microelectrodes pulled from filamented thin wall glass tubing with a 1.5-mm outer diameter and a 1.2-mm inner diameter (World Precision Instruments, Sarasota, FL, USA). They were filled with filtered 300 mM KCl and had a resistance of between 25 and 40 MW. Membrane potential was measured with an Axoclamp 900A amplifier (Axon Instruments, Foster City, CA, USA). Action potentials were elicited at 0.33 Hz by 2-ms depolarizing current pulses passed through the microelectrode. We selected rod shaped myocytes with clear cross striations and rejected records that showed noisy or drifting baselines. Data acquisition was performed with a digital computer, analogue data acquisition equipment (National Instruments, Austin, TX, USA), and the software WCP (written and supplied by Dr. John Dempster of Strathclyde University, Glasgow, UK) online.
Expression of hERG in oocytes
hERG (accession no. U04270) cRNA was synthesized by in vitro transcription from 1 mg of linearized cDNA using T7 message machine kits (Ambion, Austin, TX, USA) and stored in 10 mM Tris-HCl (pH 7.4) at −80°C. The amino acid mutations were generated by the polymerase chain reaction (PCR) with synthetic mutant oligonucleotide primers. The mutations Y652A and F656A were verified by sequencing (ABI3100). Stage V -VI oocytes were surgically removed from female Xenopus laevis (Nasco, Modesto, CA, USA) anesthetized with 0.17% tricane methanesulphonate (Sigma). Using fine forceps, the theca and follicle layers were manually removed from the oocytes, and each oocyte was injected with 40 nl of cRNA (0.1 -0.5 mg/ml). The injected oocytes were maintained in a modified Barth's Solution. The modified Barth's Solution contained: 88 mM NaCl, 1 mM KCl, 0.4 mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , 2.4 mM NaHCO 3 , 10 mM HEPES (pH 7.4), and 50 mg/ml gentamicin sulphonate. Currents were studied 2 -7 days after injection.
Solutions and voltage clamp recordings from oocytes
Normal Ringer's Solution contained 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES (adjusted to pH 7.4 with NaOH). Solutions were applied to oocytes by continuous perfusion of the chamber while recording. Solution exchanges were completed within three min, and the hERG currents were recorded 5 min after the solution exchange. Currents were measured at room temperature (20°C -23°C) with a two-microelectrode voltage clamp amplifier (Warner Instruments, Hamden, CT, USA). Electrodes were filled with 3 M KCl and had a resistance of 2 -4 MW for voltage-recording electrodes and 0.6 -1 MW for current-passing electrodes. Stimulation and data acquisition were controlled with an AD-DA converter (Digidata 1200, Axon Instruments) and pCLAMP software (v5.1, Axon Instruments).
HEK cell culture and whole-cell patch recording
HEK293 cells stably expressing hERG channels, a kind gift from Dr. C. January (21) , were used for electrophysiological recordings. The cultures were passaged every 4 -5 days with a brief trypsin-EDTA treatment followed by seeding onto glass coverslips (diameter: 12 mm; Fisher Scientific, Pittsburgh, PA, USA) in a Petri dish. After 12 -24 h, the cell-attached coverslips were used for electrophysiological recordings.
hERG currents were recorded from HEK293 cells, with the whole-cell patch-clamp technique (22) at room temperature (22°C -23°C). The micropipettes fabricated from glass capillary tubing (PG10165-4; World Precision Instruments) with a double-stage vertical puller (PC-10; Narishige, Tokyo) had a tip resistance of 2 -3 MW when filled with the pipette solution. Whole-cell currents were amplified with the Axopatch 1D amplifier (Molecular Devices, Sunnyvale, CA, USA), digitized with the Digidata 1200A (Molecular Devices) at 5 kHz, and low-pass filtered with a four-pole Bessel filter at 2 kHz. Capacitive currents were canceled and series resistance was compensated at 80% with the amplifier, while leak subtraction was not used. The generation of voltage commands and acquisition of data were controlled with pClamp 6.05 software (Molecular Devices) running on an IBM-compatible Pentium computer. The recording chamber (RC-13; Warner Instrument Corporation, Hamden, CT, USA) was continuously perfused with a bath solution (see below for composition) at a rate of 1 ml/min.
The external solution contained 137 mM NaCl, 4 mM KCl, 1.8 mM CaCl 2 1 mM MgCl 2 , 10 mM glucose, and 10 mM HEPES (adjusted to pH 7.4 with NaOH). The intracellular solution contained 130 mM KCl, 1 mM MgCl 2 , 5 mM EGTA, 5 mM MgATP, and 10 mM HEPES (adjusted to pH 7.4 with KOH).
The method for transiently expressing the Ca 2+ channels in HEK293 cells is briefly described as follows: Human T-type Ca 2+ channel a1 subunit (CACNA1H) cDNA and L-type Ca 2+ channel a subunit (CACNA1C) cDNA were transferred to the plasmid expression vector pEF5/FRT/V5-DEST (Invitrogen, Carlsbad, CA, USA). HEK293 cells were transiently transfected with the Ca 2+ channel using lipofectamine (Invitrogen). The transfected cells were cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 0.1 mM non-essential amino-acid solution, 100 units/ml penicillin, and 100 mg/ml streptomycin sulfate. The cells were seeded onto glass coverslips (diameter: 12 mm, 5 mm; Fisher Scientific, Pittsburgh, PA, USA) in a Petri dish. After 12 -24 h, the cell-attached coverslips were used for electrophysiological recordings.
For T-type Ca 2+ channel current recordings, the external solution contained 120 mM NaCl, 5 mM CsCl, 10 mM BaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, 1 mM tetrodotoxin, and 10 mM glucose (adjusted to pH 7.3 with NaOH). The internal solution contained 120 mM CsCl, 1 mM MgCl 2 , 10 mM HEPES, 10 mM EGTA, and 2 mM MgATP, (adjusted to pH 7.3 with CsOH).
For L-type Ca 2+ channel current recordings, the external solution contained 10 mM BaCl 2 , 125 mM CsCl, and 10 HEPES (pH adjusted to 7.40 with CsOH). The internal solution contained 114 mM CsCl, 10 EGTA, 5 Mg ATP (pH adjusted to 7.20 with CsOH).
Homology modeling
A homology model of the hERG potassium channel was built on the basis of the 2.9 Å crystal structure (PDB ID code: 2A79) of the rat Kv1.2 channel (23) using the homology modeling program, MODELLER v9.1 (24) . Only the amino acids from F513 to A671, comprising the fourth, fifth, and sixth transmembrane domains with the P-loop, were selected for the model because the corresponding region of the template was a continuous chain in the crystal structure and the region is believed to be mainly responsible for the drug inhibition of the hERG channel. Sequence alignment between the hERG channel and the Kv1.2 channel was carried out by the Vector-NTI program version 10.1.1 (Invitrogen). A stretch of amino acids from L589 to T613, located at the third extra cellular loop of the hERG channel, was not included for the model because there was no corresponding region in the template structure and does not appear to be involved in the drug-induced inhibition of the hERG channel. The homotetrameric structure was restrained to maintain symmetry during homology modeling. Hydrogen atoms were added to the homology model of the hERG channel using Maestro (Schrödinger LLC, New York, NY, USA).
Virtual docking
The homo-tetramer was energy-minimized using OPLS-AA force field of MacroModel version 9.1 (Schrödinger LLC) until the average RMS deviation of the non-hydrogen atoms fell below 0.3 Å. The Y652 and F656 residues of each of the four monomers were selected for the grid center for docking simulation. The grid box size was set to 15 Å from the grid center. The 2D structure of azelastine was produced by Chemdraw (Cambridgesoft, Cambridge, MA, USA) based on its IUPAC name. Using LigPrep version 2.0 (Schrödinger LLC), we generated a 3D energy-minimized and hydrogenated conformation of azelastine. In the LigPrep operation, not generating stereoisomers, ionization was done targeting pH from 7.0 to 7.4. Docking simulation was performed using GLIDE version 4.0 (Schrödinger LLC) in extra precision (XP) mode.
Statistical evaluations
All data are expressed as the mean ± S.E.M. Comparisons of the value of the half-maximal activation (V 1/2 ) effect for each concentration of azelastine and that in the absence of the drug were performed using ANOVA followed by Tukey HSD post hoc testing to determine significant differences among data groups. A P value of < 0.05 was considered to be statistically significant.
Results
Effects of the azelastine on action potentials in guinea pig ventricular myocytes
This study examined the effects of azelastine on the action potentials in guinea-pig ventricular myocytes. The mean control action potential duration at 90% (APD 90 ) of myocytes was 759 ± 77 ms (n = 8). Figure 1A shows p ] + A2, where A1 is maximum value, A2 is minimum value, x0 is a half-maximal inhibitory concentration (IC50), and p is slope, giving an IC50 of 1.08 ± 7.14 nM.
superimposed traces of the action potentials recorded before and during exposure to different concentrations of azelastine. The APD 90 increased with increasing azelastine concentration from 0.3 -1000 nM (Fig. 1B) . The IC 50 for the azelastine-induced prolongation of the APD 90 in the guinea-pig ventricular myocytes was 1.08 ± 7.14 nM, as shown in Fig. 1B .
Concentration-dependence of WT hERG channel block by azelastine in Xenopus oocytes
Next, to examine whether the azelastine-induced prolongation of APD 90 could be due to the inhibition of I Kr , we examined the effect of azelastine on hERG currents using a Xenopus oocyte expression system. Throughout these experiments, the holding potential was maintained at −70 mV and tail currents (I tail ) were recorded at −60 mV after depolarizing pulses from −50 to +40 mV. Figure 2A gives an example of a voltage-clamp recording from a Xenopus oocyte and the representative current traces under control conditions and after exposure to 1 mM azelastine. The amplitude of the outward currents measured at the end of the pulse (I HERG ) increased with increasing positive voltage steps, reaching a maximum at −10 mV. The amplitude of I HERG was normalized to the maximum amplitude of the I HERG obtained under control conditions and was plotted against the potential of the step depolarization (I HERG,nor , Fig. 2B ). The amplitude of I HERG,nor showed a concentration-dependent decrease with increasing azelastine concentration.
After the depolarizing steps, repolarization to −60 mV induced an outward I tail , which had an amplitude even greater than that of I HERG during depolarization, which is due to a rapid recovery from inactivation and a slow deactivation mechanism (21) . When 1 mM azelastine was added to the perfusate, both I HERG and I tail were reduced ( Fig. 2A, bottom panel) . The amplitude of I tail was normalized to the peak amplitude obtained under control conditions at the maximum depolarization and was plotted against the potential of the step depolarization (Fig. 2C) . The data obtained under control conditions were well-fitted by the Boltzmann equation with a Plot of the normalized hERG current measured at the end of depolarizing pulses (IHERG,nor) against the pulse potential in the control and azelastine conditions. The maximal amplitude of the IHERG in the control was given a value of 1. C) Plot of the normalized tail current measured at its peak just after repolarization. The peak amplitude of the tail current in the absence of the drug was set as 1. half-maximal activation (V 1/2 ) at −13.0 mV. The peak I tail amplitude decreased with increasing azelastine concentration, which indicates that the maximum conductance of the hERG channels is decreased by azelastine. In addition, in the presence of azelastine, I tail does not reach the steady-state level but decreases at more positive potentials, indicating that the blockade is more pronounced at the positive potentials.
The values shown in Fig. 2C were normalized to the respective maximum values at each concentration to determine if azelastine shifts the activation curve (Fig. 2D) . The activation curves representing the higher concentrations of the drug (0.3 -50 mM) were shifted downward and leftward. The V 1/2 calculations are consistent with this finding, yielding values of −13.0 ± 0.21, −15.7 ± 0.93, −21.6 ± 2.66, −24.8 ± 3.01, −22.9 ± 4.05, and −21.6 ± 3.09 mV in the control and 0.3, 1, 3, 10, and 50 mM azelastine-treated groups, respectively (n = 6 -9, P < 0.05). Therefore, the dual effect of azelastine on hERG tail current may be explained by the drug both inhibiting hERG currents and producing a leftward shift in voltage-dependent activation of the channel.
Inhibition of WT hERG currents expressed in HEK cells by azelastine
The IC 50 values of many hERG-channel blockers have been shown to differ depending on whether the hERG channels are expressed in Xenopus oocytes or mammalian cells, an effect probably due to the sequestration of blockers in the large ooplasm of oocytes (20) . We therefore tested the effects of azelastine in HEK293 cells expressing hERG channels, using the whole-cell patch-clamp technique (Fig. 3) . As shown in Fig. 3A (upper trace), whole-cell currents were elicited with 4-s depolarization to +20 mV from a holding potential of −80 mV, and the tail current was recorded at −60 mV for 6 s in HEK293 cells expressing hERG channels. Bath-applied azelastine reduced the I HERG in a concentration-dependent manner (Fig. 3A) . As shown in Fig. 3B , dose dependency of the steady-state currents measured at the end-pulse of +20 mV or peak tail currents was analyzed quantitatively. A nonlinear least-squares fit of dose-response plots with the Hill equation yielded an IC 50 value of 11.08 ± 1.26 nM and a Hill coefficient of 0.97 ± 0.10 (n = 5) for the steady-state currents and an IC 50 value of 11.43 ± 0.91 nM and a Hill coefficient of 0.98 ± 0.07 (n = 5) for the peak tail currents. These results indicate that the azelastine-induced inhibition of hERG channels stably expressed in HEK293 cells occurred at a concentration approximately 40 times lower than that required by hERG channels expressed in Xenopus oocytes.
Effects of azelastine on L-type Ca 2+ current expressed in HEK cells
We examined the effects of azelastine on I Ca,L using the whole-cell patch-clamp technique. As shown in Fig. 4A (upper trace) , whole-cell currents were elicited with 200-ms depolarizations to 0 mV from a holding potential of −80 mV in the absence or presence of 3, 10, 30, and 100 mM azelastine, as indicated. The protocol was applied every 10 s. Bath-applied azelastine reduced I Ca,L in a concentration-dependent manner (Fig. 4A) . As shown in Fig. 4B , dose dependency of the steady-state currents measured at the peak amplitude of 0 mV was 
Effects of azelastine on T-type Ca 2+ current expressed in HEK cells
We examined the effects of azelastine on I Ca,T using the whole-cell patch-clamp technique. As shown in Fig. 5A (upper trace) , whole-cell currents were elicited with 200-ms depolarizations to 0 mV from a holding potential of −80 mV in the absence and presence of 3, 10, 30, and 100 mM azelastine, as indicated. The protocol was applied every 10 s. Bath-applied azelastine reduced I Ca,T in a concentration-dependent manner (Fig. 5A ). As shown in Fig. 5B , dose dependency of the steady-state currents measured at the peak amplitude of 0 mV was analyzed quantitatively. A nonlinear least-squares fit of dose-response plots with the Hill equation yielded an IC 50 value of 26.21 ± 2.17 mM and a Hill coefficient of 1.33 ± 0.14 (n = 5).
Azelastine block of WT and mutant hERG channels expressed in oocytes
Previous studies reported that two aromatic residues, Tyr-652 and Phe-656, which are located in S6 domain and face the pore cavity of the channel, are important components of the binding site for a number of compounds (19) . The potency of a channel block for the wild type and two mutant hERG channels (Y652A and F656A) were compared in order to determine if these key residues are also important in the azelastine-induced blocking of the hERG channel. The effect of azelastine on wild-type channels was quantified during a 4-s activating pulse to 0 mV from a holding potential of −70 mV (Fig. 6: A, B, and C) . As shown in Fig. 6 , the inhibitory effect of azelastine (100 mM) was partially attenuated by the Y652A mutation (panel A, B) or abolished by the F656A mutation (panel A, C). The wildtype hERG channel current was blocked by azelastine with an IC 50 of 0.6 ± 0.1 mM (n = 7 -9), while the IC 50 values were 17.8 ± 3.7 mM (n = 4 -6) and 977.9 ± 5.7 mM (n = 5 -8) for the Y652A and F656A hERG mutants, respectively. This indicates that a mutation of Phe-656 located in the S6 domain of the hERG channel reduced the potency of the channel block by azelastine more than a mutation of Tyr-652 in the same region.
Virtual docking simulation for the binding of azelastine to the hERG channel
We carried out a virtual docking simulation to study the binding mode of azelastine to the hERG channel (Fig. 7) . The homology model of the Kv1.2 channel, an open potassium channel, was generated and used for the docking simulation. Y652 and F656 were selected as active sites for the ligand. Results with high GLIDE score were selected for further evaluation. One of the results showed that the hydrophobic moiety of azelastine made a hydrophobic interaction with F656 in segments A, B, and C. A protonated nitrogen of the ligand formed a close interaction with the carbonyl oxygen of T623 and hydroxyl oxygen of the side chain of S624 in segment C even though the distance between them is slightly longer than the usual length of hydrogen bonds (dashed red lines indicate bond lengths 3.9 Å and 3.8 Å, respectively). The aromatic ring of azelastine interacts with A653(A), A653(D), F656(D), and T652(D).
Discussion
These results suggest that azelastine inhibits the hERG channels stably expressed in the HEK cells and increases the APD 90 of guinea-pig ventricular myocytes with IC 50 values of 11.43 and 1.08 nM, respectively. The IC 50 value of azelastine was 0.6 mM for the hERG channels expressed heterologously in Xenopus oocytes (Fig. 6) . A higher extracellular concentration of the drug was required to block the hERG channels due to the properties of the Xenopus oocyte-expression system. For example, the block of hERG by trifluoperazine (20) resulted in IC 50 values 10 times higher when the drug was applied to Xenopus oocytes rather than to mammalian cells. This might be due to a decrease in drug concentration at the cell membrane caused by the vitelline membrane and egg yolk. Other antihistamines have been reported to block hERG channels. In Xenopus oocytes, the 1st generation anhistamines chlorpheniramine and diphenhydramine blocked the channel with a lower potency than the 2nd generation antihistamines terfenadine and astemizole (25) . Katchman et al. (26) showed that loratadine, a nonsedating 2nd generation antihistamine, blocks hERG current in HEK cells with an IC 50 value of 4 mM, which is lower than that of chlorpheniramine (IC 50 value = 13 mM). Therefore, our results indicate that azelastine has a relatively high potency for blockage of hERG channels compared with other 2nd generation antihistamines.
Azelatine is an anti-allergic and anti-asthmatic drug, which is used as a first-line treatment for allergic and non-allergic vasomotor rhinitis. Intranasally administered, azelastine reaches a peak plasma concentration in 2 -3 h (27) , and the elimination half-life is estimated to be 22 -36 h (28) . The therapeutically relevant plasma concentration of azelastine ranges from 10 to 100 nM (29, 30) . The free plasma concentration of azelatine might range from 2.2 to 22 nM when the rate of protein binding reaches 78% (28) . Also, it was reported that in heart tissues, azelastine can reach a plasma concentration up to 3 times higher (31) , indicating that the accumulated concentration may be assumed to be in the range of 6.6 -66 nM in the tissue. Our results show that azelastine inhibited the hERG channels in the HEK cells with an IC 50 value of 11.43 nM, and the drug increased the APD 90 of guinea pig ventricular myocytes with the value of 1.08 nM. Therefore, the concentration range for the hERG channel block and the prolongation of APD 90 is similar to the range of clinically relevant cardiac tissue concentrations. The possibility of azelastine-induced prolongation of the QT interval has been suggested (13) . Also, to our knowledge, there are reports showing that azelastine was associated with arrhythmia (19 cases) and ventricular tachycardia (8 cases) in the Adverse Event Reporting System from the FDA (http://www. druginformer.com/search/side_effect/azelastine%20 hydrochloride). In addition, the pharmacokinetics of orally administered azelastine has been studied in the elderly in whom elimination is decreased, leading to a doubling of plasma concentrations (32) . Also, the elimination half-life of azelastine is increased in the elderly and in patients with hepatic dysfunction (32) . Therefore, in patients with hepatic disease, overdoses may increase the possibility of blocking of the I Kr current in the heart, which could induce proarrhythmic effects such as torsades de pointes and the prolongations of the APD 90 ( Fig. 1) and the QT interval.
Azelastine inhibited L-type Ca 2+ channels in tracheal smooth muscle cells and decreased the cytosolic free Ca 2+ content in cultured airway smooth muscle (7, 8) . These Ca 2+ -antagonistic actions can contribute to the anti-allergic activity of azelastine as a bronchodilator. Also, azelastine at concentrations higher than 10 mM inhibited voltage-dependent K + currents and Ca 2+ -activated oscillatory K + currents in tracheal smooth muscle cells, although at a relatively mild degree in comparison to its Ca 2+ antagonistic effects (8) . These dual actions of azelastine for I Ca,L and the K + currents could cause the compromise of the membrane potential in tracheal smooth muscle cells (8, 33) . As for cardiac tissues, azelastine reduced the electrical and mechanical activity by inhibiting the slow Ca 2+ channels and the fast Na + channels in guinea-pig papillary muscles at the concentration range of approximately 10 mM (11). Our results with L-type Ca 2+ channels stably expressed in HEK293 cells also showed that azelastine inhibited I Ca,L with an IC 50 of 7.60 mM. Li et al. (12) showed that azelastine reduced the force of contraction, shortened APD, and depressed maximum upstroke velocity in guinea pig papillary muscle by blocking L-type Ca 2+ channels of guinea-pig ventricular myocytes with an IC 50 of 20.2 mM because the drug shortened the slow inactivation time constant of the channels. Also, our computer simulation of action potential of the guinea-pig ventricular myocyte model (34) using Matlab ver. 7.10 (Mathworks, Natick, MA, USA) shows that azelastine would increase the APD 90 at 0.4 -53 mM approximately, however, the drug at > 53 mM would shorten the APD 90 (data not shown). Therefore, the depressive action of azelastine on cardiac contraction, APD, and L-type Ca 2+ channels (12) does not seem to occur in vivo as the possible therapeutic concentrations in cardiac tissue range from 6.6 to 66 nM as aforementioned. Also, azelastine does not seem to block the inward rectifier K + channels, which is mainly involved in the resting membrane potential as azelastine failed to change the resting membrane potential in tracheal smooth muscle cells (33) and in cardiac ventricular myocytes (Fig. 1) . Finally, the dual actions of azelastine on L-type Ca 2+ channels and the hERG K + channels at supra-therapeutic concentrations could compromise APD change induced by the drug, possibly with the result that azelastine does not cause QT prolongation or torsades de pointes (14 -16) .
It is possible that azelastine could cause the modification of the cardiac electrical activity by a direct nonspecific drug-membrane interaction, such as perturbation of the membrane lipid-protein interaction. This is because the assessment of the lytic potential of marketed concentrations of azelastine revealed significant membrane perturbation of human conjunctival mast cells and human corneal epithelial cells as indexed by LDH release (35) . Also, the action of azelastine could be related to an increase in intracellular cAMP level (36) . However, previous reports showed that agents that increase intracellular cAMP levels, such as isoproterenol and norepinephrine, increased I Ca,L and the contraction of cardiomyocytes (37) . Therefore, it is unlikely that an increase in cAMP is involved in the inhibitory action of azelastine on I Ca,L and the contractions of the heart (11, 12) . Instead, the direct inhibition of hERG channels by azelastine would be a major cause of APD prolongation because the pore mutations Y652A and F656A of the channel protein significantly attenuate the drug-induced hERG block (Fig. 6) .
The molecular modeling and docking results are consistent with the previous blocking mechanism of most hERG channel inhibitors (38) . The molecular modeling and docking itself could not directly prove the blocking mode but suggests the possibility of the mode. The molecular charge of a compound is important to the inhibition of hERG channels. Usually a positively charged compound more strongly inhibits hERG channels than a neutral or negatively charged compound. At neutral pH, azelastine tends to have a positive charge at its azepine nitrogen. In the virtual docking, this azepine nitrogen interacts with the carbonyl oxygen of T623 and hydroxyl oxygen of S624 (Fig. 7) . The aromatic moiety of azelastine may have p-p stacking with the aromatic side chains of Y652 and F656.
In conclusion, the H 1 antihistamine azelastine increases the APD 90 in guinea-pig ventricular myocytes and blocks the hERG channels expressed in HEK cells within the therapeutic concentration range. Also, azelastine inhibited I Ca,L expressed in HEK cells at the supratherapeutic concentration level. The Tyr-652 and Phe-656 in the S6 domain of the hERG channel are important molecular determinants for azelastine-induced blocking of the channel. These results suggest a potential mechanism by which azelastine may increase the possibility of cardiac arrhythmia in drug-treated patients.
